Brazilian populations (1986) and marker chromosomes using three testers stocks. Mean recombination value was low although high variability existed between individual frequencies. Recombination frequencies between lines in each tester stock were not significantly different, excepting when the 3ple-px and 3ple-cy testers were compared (p<0.05). These two testers differ respect to the regional distribution of crossovers. The occurrence of recombination in chromosomes 2 and 3 in F 1 males tested with e 65 se; bri ru was not related, suggesting they are under independent genetic control. Our data are consistent with proposed genetic factors controlling male crossing over in the tester stocks and to the presence of enhancers and suppressors of male crossing over segregating in the Brazilian populations (1986).
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Introduction
The higher Diptera generally shows no recombination in males, although a low spontaneous frequency is reported for several species, e.g. Musca domestica (for review see Gethmann 1988). In Lucilia cuprina and Ceratitis capitata, crossing over occurs in males at low frequency and associated with translocations (for review see Gethmann 1988 and Ashburner et al. 2005) . In Drosophilidae, meiotic recombination in males is rare (Morgan 1912 (Morgan , 1914 . Both male recombination and neo-sex chromosomes cooccurs in a drosophilid fly, Scaptodrosophila hibisci, suggesting that male recombination may be a primitive condition retained in this species, and related to chromosome rearrangements resulting in homologue heterozygosity and to possible translocation chains observed in meiosis (Wilson et al. 2006) . Spontaneous male recombination is known in a number of Drosophila species, including D. ananassae (Kikkawa 1937 , Moriwaki 1937 , D. bipectinata (Singh and Banerjee 1996) , D.
simulans (Woodruff and Bortolozzi 1976) , D. melanogaster (Hiraizumi 1971) , D. virilis (Kikkawa 1933 (Kikkawa , 1935 and D. willistoni (Franca et al. 1968) . The recombinants in some of these species were characterized as being related to mitotic exchanges in the male gonial cells or to meiotic exchange in diplotene of spermatocytes. In D. melanogaster, male recombination was recognized as being a component of the PM dysgenic syndrome by Kidwell et al. (1977) . The frequency for each major autosomes is of the order of 1-2% of the total of control males, non dysgenic males. The frequency of mitotic recombinants in the male germ line of dysgenic hybrids is correlated to the gonadal dysgenesis (for review see Ashburner et al. 2005) . Franca et al. (1968) reported male recombination between two non-overlapping inversions in chromosome 2 in D.
willistoni. D. ananassae is the only species of Drosophila characterized with a considerable frequency of spontaneous crossing over. The occurrence of regular exchange in males of this species was independently discovered by Kikkawa (1937) and Moriwaki (1937) .
Since 1960, crossing over in males of D. ananassae has been recurrently rediscovered, e.g. Mukherjee (1961) , Tobari (1967, 1968) and Hinton (1970) . The frequency of male exchange varies greatly between strains, depending on the genetic background (Hinton 1970; Moriwaki et al. 1979) . It is usually considerably less that in females, although some strains are known in which the frequency of male and female D r a f t 5 5 they failed to detect any correlation between meiotic chromosome behavior and specific genes regulating crossing over in males. Cytological approach of male crossing over was reexamined by Matsuda et al. (1983) demonstrating that chiasmata occur in males at frequencies capable of accounting for the observed recombination values in male hybrids. They also reported that chromosome aberrations observed in diplotene bivalents showed a remarkable parallelism to chiasmata in terms of frequency and distribution. Further cytology analysis of male crossing over in individuals from both marker and wild stocks, and their hybrids was performed by Goñi et al. (2006) . The authors reported that cytological exchanges resulted in genetic crossing over, and that chiasma frequency and genetic recombination correlated positively in chromosomes 2 and 3. Notably, scoring of the chiasma demonstrated that males homozygous for previously mapped enhancers of male crossing over, i.e. 3ple-cy, had low frequencies of chiasmata, whereas higher frequencies of chiasmata were observed in males heterozygous for enhancers, i.e. e 65 se;bri ru/+ (TNG) (Matsuda et al. 1983 , Goñi et al. 2006 ). The authors concluded that genetic factors controlling male crossing over in D.
ananassae are involved in the origin of chromosome breakages and exchange events.
These results led the examination of the occurrence of crossing over directly in males living in natural populations (Goñi et al. 2012 
Materials and methods

Wild isofemale lines
Flies were collected from domestic habitats such as markets, orchards ( et. al. 1993, and Tomimura, personal communication) , while the X chromosome carries the standard gene arrangement (for details see Table 2 in Goñi et al. 2012) .
Marker stocks
Three marker stocks were used as testers for genetic recombination in chromosomes 2 and 3 as described below. For further descriptions of the genetic markers, linkage groups and genetic factors controlling crossing over in males of D. ananassae of these stocks refer to Hinton (1970), Moriwaki and Tobari (1993) and Matsuda et al. (1993) .
( 1) (2) 3ple-px and (3) 3ple-cy stocks carry the following recessive mutations on the chromosome 3: bri (bright eye color), pe (peach, eye color), stw (straw body, bristle and wing color), px (plexus wing venation) and ru (rough eye texture), and cy (curly wing posture) markers. However, as pointed out by Hinton (1970) the mutants px and cy were not reliable markers in that their homozygotes sometimes appeared phenotypically wild, therefore these markers were not scored from the testcrosses of heterozygotes. This author described that the 3ple-px (bri pe stw px ru) marker stock was initially produced through a series of crosses, and when the cy mutant was discovered in a v (vermilion, Xlinked) stock, it was transferred to the 3ple-px, replacing px to produce the 3ple-cy (bri 
Recombination analysis
Wild chromosomes from the Brazilian isofemale lines (1986) were sampled in the first or second laboratory generation. This sample method was followed to avoid adaptation to laboratory conditions that may reduce the variance between lines, and/or genetic drift among lines that may produce more and more divergent lines in the course of generations (David et al. 2005) . Each isofemale line was tested for male recombination by testcrossing the F 1 males from mass mating between wild males and marked virgin females of the tester stocks: ES, 3ple-px and 3ple-cy, referred to by the single marker stock involved, producing F 1 males of three genotypes which were individually assayed for male crossing over in matings to the respective marker females.
Three to four F 1 males from each isofemale line of each genotype were used, and recombination scored among offsprings. Virgin females were separated within 12 hrs after eclosion since they do not mate within 24 hr after eclosion (Tobari and Moriwaki 1993) . Experimental crosses were performed routinely by placing into one vial 3 to 4 days old virgins and just emerged single F 1 male to enhance mating success; and transferred twice to fresh vials after 4 days-egg laying period providing a total of three broods. Progeny counts were taken until 16 days after the parents were placed into a vial. Marker stocks, isofemale lines and experimental crosses were cultured at 25° on a D r a f t 9 9 cornmeal, yeast, glucose and agar medium.
Male recombination was monitored between e 65~ se and bri ~ pe in F 1 males tested with the ES stock of the second and third chromosomes, respectively, and in the bri ~ pe ~ stw ~ ru intervals (regions 1, 2 and 3, respectively) of the third chromosome in F 1 males tested with the 3ple-px and 3ple-cy stocks. Male recombination value entered in Table 1 
Data analysis
Analysis of variance (ANOVA) test was used on individual male recombination data. Previously to the ANOVA analysis, the assumption of normality (KolmogorovSmirnov test) and homogeneity of variance (Levene's test) between males were considered (Zar 2010). Likewise, data were transformed using arcsin√P, where P = percent of recombination. Regression analysis was used to determine the relationship between recombination in the chromosomes 2 and 3 in F 1 males heterozygous fo ES stock. Data analyses were carried out using PAST version 2.09 (Hammer et al. 2001 ).
For all analysis, the significance level p = 0.05 was used.
Results and discussion
High variability of individual male values of crossing over D r a f t Fig. 1 ). Considering the presence of a dominant enhancer, E(3), in the 3 ple-cy stock it is expected that recombination performances between lines in the F 1 males of 3ple-px and ple-cy testers may differ, as statistically determined (p < 5% level) (Supplementary Table S1 ). In view that male recombination was completely suppressed in more that 40% in F 1 males of 3 ple-cy tester ( Table 1, Fig. 1) , it is assumed that dominant Suppressor(s) of crossing over are segregating in the Brazilian populations (1986). On other hand, the presence of male recombination in F 1 males of the 3ple-px tester suggests the action of Enhancer(s) of crossing over segregating in the Brazilian populations (1986), since this marker stock carries no factors known to either enhance or suppress male crossing-over (Hinton 1970) .
From the first reports on male recombination by Kikkawa (1937) and Moriwaki (1937) using marker stocks, a dominant gene, En-2 located in the second chromosome (Moriwaki 1940 ) and En(s) located in the third chromosome (Kikkawa 1938) were proposed to affect crossover frequencies in the chromosome which they were located.
Large variation on male recombination frequencies were observed on survey of stocks derived from natural populations (Hinton 1970), wild type from laboratory and inbred D r a f t lines (Moriwaki et al. 1970) , isofemale lines derived from several Asian populations (Moriwaki and Tobari 1973) , and wild type stocks derived from Indian populations (Mukherjee 1961 , Kale 1968 . Moriwaki et al. (1970) reported that about 65% of chromosomes from laboratory stocks of D. ananassae originated from various localities (Tonga and Hawaii) showed spontaneous male crossing over, proposing some genetic control on both second and third chromosomes. Moriwaki and Tobari (1973) Hinton (1970) used wild chromosomes derived from seven populations from islands of the Pacific Ocean and one in Yucatan, Mexico and the markers stocks, 3ple-px and 3ple-cy, to test for male recombination, the same marker stocks used here. Individual males having high frequency of recombination in the 3ple-px series suggested the existence of E in the Niue and possibly the dark Tutuila, Majuro, and Hawaii stocks, whereas all eight of the +/3ple-cy tests provided evidence for segregation of S in these (wild) stocks. According to Hinton (1970) , if F 1 +/3ple-px males carried both S and E, the presence of E would not have been detected, but due to independent segregation of E it would be manifested in one-half of the F 1 males. Eighteen Table 1) . Furthermore, our data supports for independent control of male crossing over in chromosomes 2 and 3 in F 1 males of ES tester, supporting for an autosomal location of Enhancer(s) of male crossing over segregating in the wild chromosomes 2 and 3 from the Brazilian populations (1986).
Regional distribution of crossing over is genotype dependent
Variation in recombination values observed in F 1 males testcrossed to 3ple-px and to 3ple-cy stocks was accompanied by marked differences in the distribution of crossovers among the three marked regions of the third chromosome ( Table 2 ). In general, there is a rough proportionality between the regional distributions of exchanges of the marker regions in both male genotypes respect to the female map length. In these males, crossovers in region 1 were distinctly rare, while for regions 2 and 3 there were considerable variation in their relative crossover frequencies as shown by the R2:R3 ratios (0.21 and 0.04) in +/3 ple-px and +/3ple-cy males, respectively. Our results differ from the data on the regional distribution of exchanges in F 1 males 3ple px and 3ple cy marked stocks reported by Hinton (1970 Hinton ( , 1983 . High R2:R3 ratios (ranging from 0.61 to 1.45) were observed in F 1 males heterozygous for 3 ple-cy and px or pc marker stocks, and interpreted as due to undefined factors in addition to the enhancers identified in the 3ple-cy and pc chromosomes (Hinton 1983). We agree with Hinton (1970 Hinton ( , 1983 that data on the regional variation in the distribution of male crossing over shown here are independent of the mean recombination value.
Two hypotesis are proposed to explain the marked difference in the regional D r a f t 14 distribution of exchanges in the F 1 males +/3ple-px and +/3ple-cy (Table 2) 
